As-vacancies, local moments, and Pauli limiting in LaOo.9F .iFeAsi_,5 superconductors 



O 

(N 



oo 



o 
o 

Oh- 



c 

o 
o 



> 
o 
cn 

O 



X 



Vadim Grincnko 1 , Konstantin Kikoin 1 - 2 , Stcfan-Ludwig Drcchsler 1 *, Giintcr Fuchs 1 , Konstantin Ncnkov 1 ' 3 , 
Sabine Wurmehl 1 , Franziska Hammcrath 1 , Guillaume Lang 1 , Hans- Joachim Grafe 1 , 
Bernhard Holzapfel 1 , Jeroen van den Brink 1 , Bcrnd Biichncr 1 , and Ludwig Schultz 1 
1 Leibniz Institute for Solid State and Materials Research IFW-Dresden, P.O. Box 270116, D-01171 Dresden, Germany 

2 School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel 
3 International Laboratory of High Magnetic Fields and Low Temperatures, Gajowicka, 95, PL-53-529 Wroclaw, Poland 

We report magnetization measurements of As-deficient LaOo.gFo.iFeAsi_^ (S ~ 0.06) samples 
with improved superconducting properties as compared with As-stoichiometric optimally doped 
La-1111 samples. In this As-deficient system with almost homogeneously distributed As-vacancies 
(AV), as suggested by the 75 As-nuclear quadrupole resonance (NQR) measurements, we observe a 
strong enhancement of the spin-susceptibility by a factor of 3-7. Fhis observation is attributed to the 
presence of an electronically localized state around each AV, carrying a magnetic moment of about 
3.2 fj,B per AV or 0.8 /is/Fe atom. From theoretical considerations we find that the formation of a 
local moment on neighboring iron sites of an AV sets in when the local Coulomb interaction exceeds 
a critical value of ~ 1 eV in the dilute limit. Its estimated value amounts to ~ 2.5 eV and implies an 
upper bound of ~ 2 eV for the Coulomb repulsion at Fe sites beyond the first neighbor-shell of an 
AV. Electronic correlations are thus moderate/weak in doped La-1111. The strongly enhanced spin 
susceptibility is responsible for the Pauli limiting behavior of the superconductivity that we observe 
in As-deficient LaOo.9Fo.iFeAsi_^. In contrast, no Pauli limiting behavior is found for the optimally 
doped, As-stoichiometric LaOo.gFo.iFeAs superconductor in accord with its low spin susceptibility. 

PACS numbers: 74.70.Xa, 76.60.-k, 74.25.Ha, 74.25.Op 



I. INTRODUCTION 

Since the discovery of superconductivity in the Fe- 
pnictidesi great efforts have been made to understand 
the unusual physical properties of these systems. Most 
of their parent compounds are viewed as itinerant antifer- 
romagnets with a spin density wave (SDW)^ although 
the strength of correlation effects is still under debate4ri 
Superconductivity appears by doping, if the antifcrro- 
magnetic (AFM) ordering is suppressed. On the other 
hand, upper critical field measurements at high magnetic 
fields have shown that many of the iron-based supercon- 
ductors are limited by the Pauli paramagnetism^ This 
limitation should be related to a large paramagnetic spin 
susceptibility of the conducting electrons in the normal 
state which mediates the pair-breaking of singlet Cooper- 
pairs £ So far, to the best of our knowledge, the expected 
relationship between the Pauli limiting behavior and an 
enhanced spin susceptibility in the normal state has not 
yet been confirmed experimentally for the Fe-pnictidc 
superconductors^ 

A strongly enhanced susceptibility Xs(q = 0) would 
put these systems closer to a ferromagnetic (FM) insta- 
bility, and it requires a sizable Stoner factor. For ex- 
ample, according to recent investigations^ the La-1111 
parent compound is already close to such a ferromag- 
netic instability which competes with the predominant 
Fermi surface nesting driven antiferromagnetic instabil- 
ity. The vicinity of Fe-pnictides and related systems to 
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several competing magnetically ordered and supercon- 
ducting phases seems to be a generic, but not yet well 
studied, feature. In this respect, even a relatively small 
increase of the Stoner factor will result in a sizable en- 
hancement of the paramagnetic susceptibility. It was 
also pointed oul£ that the local magnetic field can be 
enhanced by strongly paramagnetic (PM) centers, AFM 
or ferromagnetic secondary phases coexisting with the su- 
perconducting main phase. For instance, the AFM com- 
pound Fe2As or others might in high fields be converted 
into a highly polarized magnetic stated A general the- 
oretical consideration of possible underlying microscopic 
mechanisms responsible for the enhanced susceptibility 
and its relations to the Pauli limiting behavior is still 
lacking. The La-1111 pnictide is a good model system 
for such investigations. Recently, Pauli limiting behavior 
has been found there for optimally doped, polycrystallinc 
LaOo.9Fo.iFeAsi_5 samples with As-vacancies (AV) in 
the concentration range of S ~ 0.05 — 0.L 8 ' 9 ' 12 In con- 
trast, As-stoichiometric "clean" LaOo.gFo.iFeAs samples 
with nearly the same F-doping level do not show any 
Pauli limiting behavior 

The first indication for an enhanced paramagnetism in 
As-deficient samples (compared with As-stoichiomctric 
reference samples) came from a strong exponential re- 
laxation of the muon spin polarization observed in /zSR 
measurements^ The authors of Refs. HE^ supposed that 
disorder in the As-deficient sample gives rise to the for- 
mation of dilute quasi-static paramagnetic spin clusters 
of unknown origin. Here we will demonstrate by a com- 
parative analysis of the static susceptibility data and the 
75 As-nuclear quadrupole resonance (NQR) spectra to- 
gether with the nuclear spin-lattice relaxation rate 1/T\T 
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FIG. 1: (Color online) 75 As NQR spectrum at T =50 K, to- 
gether with the spectrum of a reference sample^, and room- 
temperature measurements^. Black line: a typical fit accord- 
ing to an As- vacancy arrangement shown in Fig. [2] Blue line: 
broad single-peak fit of the NQR-spectrum of a reference sam- 
ple. NN/... and the shadded green area indicate schematically 
the low-frequency spectral weight below about 10.3 MHz sug- 
gested for the NN and NNN shells around an AV as shown in 
Fig. El 



of As-deficient samples that the very vicinity of an AV 
provides a direct candidate for such paramagnetic cen- 
ters. 

Our paper is organized as follows. In Sect. II we con- 
sider briefly what is known about the concentration of 
As-vacancies and how the actual concentration can be 
refined using NQR spectroscopy. Sect. Ill concerns with 
the magnetic susceptibility. In the first subsection III. A 
it is explained how the effect of ferromagnetic inclusions 
is eliminated to get the intrinsic susceptibility analyzed in 
the second subsection III.B. Then we consider theoretical 
aspects of localized states and local magnetic moments 
in the frame of Wolff's approach to local moments in a 
nonmagnetic host.— In Sect. IV we apply this gained in- 
sight to estimate the effective Coulomb repulsion for a 
localized state derived from the As-vacancy and arrive 
at an upper bound for the Hubbard U on the Fe-sites 
which bear the superconductivity. In Sect. V we discuss 
briefly how the local magnetic moments affect the NMR 
data. Local moment related aspects of Pauli limited su- 
perconductivity are considered in Sect. VI. In Sect. VII 
we briefly mention a similar situation in Sn-flux grown 
Ba-122 superconductors. Finally we end up with a con- 
clusion containing the gained insight and perspectives for 
future work. 



II. THE CONCENTRATION OF 
AS-VACANCIES AND THE NQR SPECTRA 

Polycrystalline LaOn.gFn.iFeAsi-i samples were pre- 
pared from pure components using a two-step solid state 
reaction method^. LaOn.gFo.iFeAsi_,5 samples were ob- 



tained by wrapping the samples in a Ta foil during the 
annealing procedure.—^ According to energy dispersive 
x-ray (EDX) analysis, an As/Fe ratio of about 1.0 was 
found in the reference sample annealed without a Ta foil 
and of about 0.9 to 0.95 in the As-deficient samples. At 
first glance one might expect an AV-gradient within the 
LaOo.gFo.iFeAsi-5 samples because the vacancies start 
to be formed at the surface of the samples. Nevertheless, 
the sharp superconducting transition width comparable 
with that of As-stoichiometric reference samples^ and the 
surprising temperature dependence of the nuclear spin- 
lattice relaxation rate T^ 1 ~ T 5 (the reference samples 
show Tj~ ~ T 3 instea d 12 i 16 ) indicate a homogeneous 
AV-distribution within the sample. Additionally, the 
static susceptibilities Xp(H,T) of the As-deficient sam- 
ples in both the bulk and the surface parts were the same 
within the error bars of our measurements. 

A local characterization was performed using the NQR 
technique. The 75 As NQR spectrum of an As-deficient 
sample at T =50 K is shown in Fig. [T] together with 
that of a reference sample^. Similar room-temperature 
data^ point to a negligible temperature-dependence. For 
As nuclei (spin / =3/2), the measured frequencies obey 
vq oc QV zz yfl + ?/ 2 /3 with Q the electric quadrupole mo- 
ment, V zz the largest eigenvalue of the electric field gradi- 
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FIG. 2: (Color online) Schematic structure of an FeAs-block 
with two neighboring As vacancies (AV) at a concentration 
of 5 — 0.0625, i.e. in the range suggested by the NQR-data 
shown in Fig. [TJ for a typical As-deficient sample. The low- 
frequency spectral weight below 10.3 MHz is attributed to 
NN and NNN-shells around an As-vacancy (AV) whereas the 
high-frequency part is attributed to to more distant As sites. 
Notice the four Fe-sites surrounding an AV involved in a local 
moment. The local magnetic moments are depicted for the 
simplest case where only the first neighbor shell around an 
AV is affected (see also text). 
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ent tensor, and rj the asymmetry of the latter. Whereas 
the reference samples feature a broad smooth distribu- 
tion of charge environments, the samples with AVs show 
several components, as could be expected from varying 
distances between As nuclei and charged AVs (see also 
Section III.C). Since the high-frequency spectral weight 
is at frequencies rather similar to those of the reference 
samples, it is likely associated to the As nuclei far away 
from an AV. The low-frequency spectral weight would 
accordingly correspond to sites closer to an AV (see Fig. 
2). The data was fitted with up to four components 
(two of them for the low-frequency weight) and assum- 
ing that the low-frequency weight corresponds to nearest 
neighbors (NN) or to both NN and next-nearest neigh- 
bors (NNN). In the latter case, two components of equal 
areas were used, reflecting the assumption that electro- 
static repulsion separates the vacancies enough that each 
of them features 4 NN and 4 NNN (see Fig. |2J}. Since the 
ratio of low-frequency to high-frequency weight is then 
45/(1 - 5(5) (NN) or 8<5/(l - 96) (NN+NNN), this leads 
to <5 = 0.06(2), with the error bar accounting for different 
fitting procedures. Therefore, the NQR measurements 
indicate that the AVs are almost homogeneously dis- 
tributed within the sample volume in the amount as ex- 
pected from EDX measurements. Future study at other 
compositions will aim at refining this approach, including 
also the antiferromagnetic parent compound and LiFeAs 
derived As-deficient samples without additional disorder 
caused by F-dopants. As a consequence, the widths of 
the 75 As-NQR line in both parent compounds are very 
small ~ 0.1 — 0.2 MH a 17 ' 19 in sharp contrast to our F- 
doped samples. 



III. STATIC SUSCEPTIBILITY 

In view of the rather specific field- and T-dcpcndencics 
of the static magnetization of the As-deficient samples 
and its large magnitude (see Fig. [3]) , a more sophisticated 
analysis of the magnetization is required. The magnetiza- 
tion consists of three main contributions arising (i) from 
a ferromagnetic (FM) contribution which we attribute to 
Fe-inclusions (see Section III. A), (ii) from localized mag- 
netic moments in the very vicinity of a given AV, and (iii) 
from the T-dependent susceptibility of the Fermi sea of 
itinerant conduction electrons in which the AV are em- 
bedded. The last two contributions are strongly related 
with each other and can be understood in the framework 
of Wolff's theoretical approach to impurity-effects^ (see 
Section III.C). 



A. Iron inclusions 

In Fig. [4l the field dependence of the vol- 
ume magnetization of two typical LaOo.gFo.iFeAs and 
LaOo.gFo.iFcAsi-a samples are compared at T = 300 
K. (The magnetization measurements were performed 
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FIG. 3: (color online) Temperature dependence of the mag- 
netization after zero-field cooling at different magnetic fields 
for LaOo.gFo.iFeAsi-s. 



in a Quantum Design DC SQUID.) It is seen that 
LaOo.gFo.iFeAs has a small paramagnetic magnetization 
with almost linear field dependence. In sharp contrast, 
LaOo.gFo.iFeAsi_5 exhibits a considerably higher mag- 
netization. Its field dependence and the presence of the 
magnetic hysteresis (see Fig. [5| is an indication of fer- 
romagnetic (FM) behavior. At high magnetic fields, the 
magnetization of a FM material saturates and only a lin- 
ear paramagnetic contribution remains (see Fig. 2]). We 
suppose that the FM contribution stems from inclusions 
of pure Fe particles in the As deficient samples because 
of (i) a high value of the coercitivity field (H COI ) and 
(ii) a rather high Curie-temperature of the FM ordering 
Tq > 360K. These large Fe particles are formed dur- 
ing the heat treatment in contact with a Ta-foil, since 
no ferromagnetic inclusions have been observed for the 
As-stoichiomctric reference compound obtained in the 
same manner despite the final heating in a Ta-foil which 
produces the AV. In fact, a possible scenario might be: 
in many Fe-pnictides there is a small amount of FeAs2, 
FeAs^S or other antiferromagnetic inclusions which be- 
come ferromagnetic, and probably are pure Fe inclusions, 
if a predominant part of As is extracted from them, too. 
Thus, in the extraction process As is taken from two kind 
of regions: from the pristine regions and from those with 
inclusions. 

The field H cor is related to the particle size 
of the adopted Fe-inclusions. We obtained for 
the LaOo.gFo.iFcAsi_5 samples a coercivity field of 
H col - ~ 185 Oe at 300 K (see Fig. [5]). Using exper- 
imental data for the dependence of H cm on the size of 
the Fe-particles2i we estimated for them a size of about 
75 nm (see inset in Fig. [5]). It is known that the satu- 
ration induction of FM materials is independent of the 
particle size. This allows us to estimate the fraction 
of the Fe particles in the samples from the magneti- 
zation value of LaOo.gFo.iFeAsi-^. At high magnetic 
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FIG. 4: (color online) Field dependence of the magnetization 
of LaOo.gFo.iFeAsi-i at 300 K. 



fields, the paramagnetic contribution of the sample can 
be subtracted from the total magnetization and the field- 
independent saturation magnetization is proportional to 
the Fe fraction in the sample (Fig. |4j). At T= 300 K, 
the saturation magnetization of iron M s p c ~ 1.7 • 10 3 
emu/cm 3 (see Refl21i). whereas the LaOo.gFo.iFeAsi_,5 
samples have at 300 K a saturation magnetization of 
about M Sj def ~ 0.7emu/cm 3 . Then, with the unit cell 
volume of the As-deficient sample^ w U nit ~ 0.1415nm 3 
(i.e. with two Fe atoms per cell) and the sample filling 
factor of n m w 0.64, we estimate for the ratio between 
Fe atoms in the few FM inclusions and the regular Fe 
atoms in the As-deficient samples: 

funit-Wa PFe-^s.dcf 

npo = ■ — 

2rifin ?7lFeMs,Fc 

where N a denotes the Avogadro constant, m Fo is the 
atomic mass of iron, and p Fo its density. Thus, we es- 
timate a small atomic fraction of Fe atoms of about 0.4% 
residing within these ferromagnetic inclusions. Hence, 
such a small amount of iron has no influence on the esti- 
mated effective Fe excess due to the AV but it neverthe- 
less strongly affects the magnetization curves of the As- 
deficient samples. Therefore this inclusion contribution 
should be subtracted to get the information concerning 
the static susceptibility . 
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B. T-dependence of the paramagnetic 
susceptibility 

As is shown in Fig. 2J the field dependence of the 
total magnetization becomes linear for magnetic fields 
exceeding 2T. Thus, we conclude that the Fe inclusions 
completely saturate at these fields. To subtract the iron 
particles contribution, the T-dcpcndcncc of the magnetic 
moment of an As-deficient sample after zero-field cool- 
ing (ZFC) and at field cooling (FC) was measured at 



several fields above 2T (see Fig. [3] ). For comparison, 
the T-dependence of the magnetic moment of a refer- 
ence sample LaOo.gFo.iFcAs is also shown at different 
fields. To get the intrinsic paramagnetic susceptibility of 
LaOo.gFo.iFeAsi_5, we subtracted the magnetic moment 
mi (T) measured at the field Hi from the moment rri2 (T) 
measured at the field Hi and divided this difference by 
the corresponding field difference: 



m 2 (T) - m x (T) _ m|(T) - m\(T) 



Am? 



V m AH V m (H 2 -Hi) 



V m (if 2 



X P (T). 



Hi) 

(3.2) 

Only paramagnetic moments (m p ) can contribute to 
Am = ni2(T) — mi(T) at high fields because the FM 
contribution is already saturated. At high temperatures, 
Eq. (|3.2p gives the static paramagnetic susceptibility 
Xp in [emu/mol-Fe]. Here V m is the number of moles 
per Fe atom. The same procedure was done also for 
LaOo.gFo.iFeAs as a reference sample. 

The T-dependence of the ratios Am? /V m AH for both 
samples above T c is shown in the inset of Fig. [6] For 
LaOo.gFo.iFeAs, the susceptibility AmP /V m AH linearly 
increases with the temperature which is typical for this 
compound where the AFM spin ordering has been com- 
pletely suppressed. The absolute value of the susceptibil- 
ity of the reference samples is similar to that reported by 
Klingeler et al32 In contrast, for LaOo.gFo.iFeAsi_,5 the 
paramagnetic susceptibility is considerably higher and 
exhibits an unusual T-dependcncc. 

First, we suppose that AV can induce local moments. 
These moments, for example, might occur on a micro- 
scopic level just in the vicinity of AV<2 Possible mecha- 
nisms of local moment formation are discussed in Section 
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FIG. 5: (color online) Field dependence of the magnetization 
of LaO0.9F0.1FeAs0.94- Inset: Coercive field H cor of iron par- 
ticles vs. particle size (these experimental data are taken from 
Ref.— ). The intercept between the fit curve and the horizon- 
tal line at 185 Oe gives the minimum size of the iron particles 
in the LaO0.gF0.1FeAs0.94 sample. 
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where Xa 



and Xs s are s Pi n susceptibilities of the LaOo.gFo.iFeAs and 
LaO0.9F0.1FeAs0.94- Straight line is a fit by Eq. (|3.6|l . 
Details of the fitting procedure are described in the text. 



The ratio 



( mo™Fc ) ^ or ^ wo sam Pl es defined by Eq. 

The closed symbols corre- 
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V m AH ^mol-Fe 

(13. 2p is shown in the inset 
spond to LaOo.gFo.iFeAs data for the m p (4T) 
m p (2T) -m p (lT). 



III.C. If so, the total number of local magnetic moments 
in the sample is proportional to the number of AVs 5. 
These local moments lead to a Curie- Weiss-like contri- 
bution at high temperatures 2 ^ (see Figs. [3]and[n|), 



ACuric 



(T) 



C 



T-Q 



with 



C = JV«<S 



(3.3) 



(3.4) 



where O is the Curie temperature characterizing the ef- 
fective strength of magnetic interactions averaged over 
the whole sample. Its sign reflects the type of this ex- 
change interaction (FM or AFM). In Eq. (pEg]) C denotes 
the Curie constant, p e ff = g[J{J + l)] ' 5 , A*b is the Bohr 
magneton, g is the Lande factor, J stands for the to- 
tal electronic angular moment and fee is the Boltzmann 
constant. 

Second, these moments are formed in a metallic host 
with a T-dcpcndcnt susceptibility. We suppose that this 
'bare' host susceptibility of the As-deficient sample is the 
same as the paramagnetic susceptibility xp° l {T) of the 
reference sample. For local moments in a matrix with 
a T-dependent susceptibility, the experimental data can 
be analyzed using a method similar to that described in 
Ref. HH. Therefore, we suppose that the value of the local 
moment p e s is proportional to the spin susceptibility of 



PedT) 



Pcff( T rcf) 

Xl cf (T Tcf ) 



(3.5) 



where T re f is some reference temperature. In our case 
we have used T re f = 100 K as the lowest temperature at 
which the local paramagnetic susceptibility can be rea- 
sonably described by a Curie-like function [see Eq. (|3.6[) 
below and Fig. [B|. 

The spin susceptibility x s cf can differ from the para- 
magnetic susceptibility xp et due to additional contribu- 
tions Xchem from various types of diamagnetism and from 
the Van Vleck paramagnetism. According to Ref. [ll| the 
estimated (bare) Pauli susceptibility of LaOFeAs from 
the calculated electronic density of states (DOS) at the 
Fermi level, N(£p), amounts xo ~ 8.5 ■ 10 -5 emu/mol- 
Fc. But the actual experimental valued amounts Xs = 
Xo • (1 - ly 1 > 4xo, where I = JN(e F ) i.e. it is 
significantly enhanced due to the presence of a sizable 
Stoner factor— , where J ^0.7-0.8 eV (see also IV). It is 
know n 11 ' 24 ' 25 that N(ef) slightly decreases with F dop- 
ing. This leads to a decrease of both xo an d N(ef)J. 
From the analysis of the experimental data reported in 
Ref. [22] one can see that at high temperature (above Tn of 
the AFM ordering) the value of the susceptibility reduces 
only on 15% at the doping level of about ~ 0.1. There- 
fore, one expects that x r s ei of the reference sample is also 
strongly enhanced due to a Stoner factor with the corre- 
sponding bare spin susceptibility Xo° l ~ 7T0 -5 emu/mol- 
Fe. From this point of view we expect that the spin sus- 
ceptibility Xs h as a dominant contribution to the mea- 
sured paramagnetic susceptibility Xp° f of the reference 
samples. Hence we suppose that xl ~ Xp ■ 

Finally, according to Ref. H^, the effective suscepti- 
bility of a metal with additional extrinsic local moments 
can be written at high temperatures T > in the form: 



xt s ~xT(T) 



C(T I0t ) X f(T) 



(T-O) Xs et (Tret) 



(3.6) 



Our experimental data can be reasonably well described 
by Eq. dHJ) for T > 80 K. The ratio 



xT(T) 



X. 



et (T re{ ) 



1 



xf s (T) - xl ei (T) 



is plotted in Fig. [5] where the susceptibility Xs ~ Xp is 
defined by Eq. $33$. The fit by Eq. (the straight 

line) yields p e s ~ 3.2 which corresponds to an AV con- 
centration of S w 0.06 and a Curie temperature O ~ 18.8 
K pointing to dominant FM correlations between the Fc 
electrons. 



C. The formation of magnetic moments 

It is well-known that nonmagnetic impurities like 
Zn induce local moments on neighboring Cu atoms in 
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YBa2Cu307-<5' 26 ' This effect is not too puzzling be- 
cause formally isovalent Zn 2+ impurities substitute for 
magnetic Cu 2+ ions in its CuC>2 layers and thus break the 
Zhang-Rice singlet states. In case of LaOo.gFo iFeAsi_,5 
the origin of the local moments induced by As vacancies is 
less obvious, but eventually the moment formation can be 
understood if a strong enough d-p hybridization between 
the As 4p and Fe 3d orbitals^ is taken into account. An 
AV removes the covalent bonds with 3d orbitals from four 
adjacent Fe ions, so the actual defect in the quasi 2D Fc- 
As layer is a [VA s Fe 4 ] complex with dangling d-p bonds 
(cf. Fig. [2]). Several effects are related to the formation 
of this complex. First, the charge transfer from Fe ions 
to the empty As site results in a local enhancement of 
the effective charge around Fe ions. The analysis of the 
reflectivity supports this assumptions^ Second, due to 
the same charge redistribution the distance of As atoms 
from the basal Fe plane in LaOo.gFo. lFeAsi-a increases 
as compared to LaOo.gFo. lFeAs^ But the most interest- 
ing effect is the possibility of a formation of localized 
states and related non-compensated magnetic moments 
around an AV. A more detailed microscopic study will be 
reported elsewhere 2 ^. Here we restrict ourselves mainly 
to qualitative aspects. 

The basic conditions for formation of a non-zero mag- 
netic moment around a non-magnetic impurity in a para- 
magnetic metallic host have been formulated in Refs. 
H4II30I . In simple terms, a magnetic moment may be 
formed provided the onsite Coulomb repulsion U of two 
electrons exceeds some critical value U c estimated as 

where Eb is the effective bandwidth, ef is the Fermi en- 
ergy, Eq and A are the position and the width of the reso- 
nance, respectively, created by the defect in the band. In 
our case U is the Coulomb repulsion of two electrons oc- 
cupying the hybridized d-p orbitals in the [VA s Fe4] com- 
plex and the carriers occupy hole pocket around T point 
in the Brillouin zone. The ratio (|3.7[) may be large enough 
because each of the 4 Fe ions donates part of its Hubbard 
repulsion Uq to the repulsive interaction between the d- 
p "molecular orbitals" in the As- vacancy complex. In 
accordance with this spin-dependent scattering mecha- 
nism, a single AV causes the formation of a magnetic 
moment shared between the adjacent Fe ions. The net 
magnetic moment associated with a [VA s Fe4] complex 
defect amounts about p e g « 3.2 according to above es- 
timates. This value corresponds to « 0.8/is/Fe atom, if 
the magnetic moments occur in the first neighbor shell, 
only. However, we cannot exclude that the second shell 
is affected as well. In such a case one is left with two op- 
tions: parallel or antiparallel spin orientations. Similar 
results have been obtained in Ref. HH using LSDA calcu- 
lation (i.e. ignoring the local Coulomb repulsion U) for 
FeSeo.875/FeTeo.875 superstructures, i.e. with a twice as 
large nominal concentration of vacancies and a stronger 
mutual influence as compared with our title compound 



and As-vacancies. In the former case, the magnitude of 
the anti-parallel oriented moments at the second neigh- 
bor shell was about 1/4 - 1/3 to that of the first neighbor 
shell. In other words, then a relatively large, but far from 
saturation (2/ig), moment of about 1.067 - 1.2 fis would 
reside at any Fe site within the first neighbor shell. 

A detailed analysis of various spectroscopies might be 
helpful to elucidate the corresponding local magnetic 
structure. The relatively large value of the local mag- 
netic moments estimated above should be compared with 
the regular magnetic moments ~ 0.4/xb in the magnet- 
ically ordered parent compound LaOFeAs.— Thus, the 
magnetic moment induced by an As-vacancy is about 2 
to 3 times larger than the experimental value observed in 
stoichiometric LaOFeAs phase but less than the theoreti- 
cal value (*~ 2.3/is) incorrectly predicted by the L(S)DA 
and other modern band structure calculations^ The res- 
olution of this puzzle is one of the central problems for a 
future microscopic theory of iron pnictides. 

It should be stressed that in accordance with Wolff's 
approach^ the [VAsFe^ complexes are isoelectronic de- 
fects and thus do not affect the carrier concentration. 
The magnetic moment arises due to the spin dependent 
local density of electronic states in the hole-band near the 
Fermi level. This defect-related structure in the density 
of states consists of two nearly Lorentzian peaks centered 
below ep (majority spin peak) and above ef (minority 
spin peak). Due to the symmetry related selection rules, 
the influence of magnetic scattering on the behavior of 
the electrons in the electronic band is reduced by a fac- 
tor of ~ |q|/|G|, where q is the deviation of the scattering 
vector from the nesting vector G. The presence of such 
peaks may be detected experimentally. 

It is important to realize that the strongly anisotropic 
structure of LaOFeAs prevents clustering of AV since 
these clusters would induce a large local charge in the 
Fe plane and strongly increase the potential energy of 
the lattice. Thus, the lattice anisotropy tends to make 
the distribution of the AV uniform. This explains why 
the AVs are relatively homogeneously distributed in our 
As-deficient samples in spite of the somewhat uncontrol- 
lable method of the AV formation. In turn, the charged 
AVs seem to make the F-distribution more homogeneous. 
This effect can qualitatively explain why As-deficient 
samples exhibits narrower NQR peaks (FigfT]) compared 
to the reference sample. Moreover, since the size of these 
magnetic defects is small in comparison with the super- 
conductor coherence length, the former cannot essentially 
reduce the superconducting volume fraction. 

Thus, the significant enhancement of the spin suscep- 
tibility xf s in the As-deficient samples compared to x T s ei 
(Fig. |51 inset) may be ascribed to an additional contri- 
bution of AV related magnetic defects to the magnetic 
response. Then in accordance with the predictions of the 
Wolff model, the susceptibility of a metal containing few 
impurities with a short-range scattering potential and a 
strong enough AV related local Coulomb repulsion factor 
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U v has the form^ 



As 



Xs 



1 



2SU v J X f/R 
l-U v Ji X i/R 



(3.8) 



where 6 sw 0.06 is the concentration of the local defects as 
determined from the EDX and the NQR-data mentioned 
above, xi = (S + S~)i is the local transverse suscepti- 
bility of a magnetic defect, R = 4(g • //B/2) 2 N a /kB = 
1.5emu • K/mol « 1.29 • 10- 4 cmu ■ cV/mol and J=0.7eV 
(is a typical value for 3d electrons in Fe). Since U is sup- 
posed to be large enough, the observed enhancement of 
the spin susceptibility and its ^-dependence for our As- 
deficient samples can be understood at least qualitatively. 
At high temperatures Eq. p.8j) yields a Curie- Weiss-like 
behavior similar as Eq. p. 61) . Comparing these equations 
we see that the temperature O ~ 18.8 K characterizes ei- 
ther some FM correlations between itinerant electrons 
scattered on the AV or short-range correlations between 
the localized electrons. 

It follows from Eq. (|3.8[) that the susceptibility x^ s in- 
creases with increasing AV concentration 6. Preliminary 
data obtained for As-deficient samples with different S 
confirm such a behavior. At high AV concentrations, 
a deviation from the linear dependency of x^ s on $ i s 
expected. Therefore, further analysis is required to un- 
derstand the range of applicability of Eq. 



IV. ESTIMATION OF THE LOCAL COULOMB 
REPULSION 

In general, the parameter U v Ji and the local suscepti- 
bility xi are related to each other and should be chosen 
in a self-consistent way. This is a rather complicated the- 
oretical problem. Its solution would be of considerable 
interest for future investigations. Here, we will demon- 
strate that from the present simple analysis of the exper- 
imental data (see Fig. [S]), reasonable values of these pa- 
rameters can be estimated. The relation between the lo- 
cal Coulomb repulsion Ui = U v Ji for a localized state cre- 
ated by an As vacancy and the local transverse suscepti- 
bility xi normalized per x r s ci is shown in Fig.[7J The green 
line is obtained from Eq. (|3.7[) assuming that the position 
of the resonance Eq is very close to £p and the effective 
bandwidth according to band structure calculation a 11 ' 32 
amounts about Eb ~ 2eV. This line denotes the criti- 
cal strength of Ui ~ leV where the formation of a local 
moment at neighboring iron sites of an AV sets in. In 
principle, measuring Xh t ne value of Ui could be deter- 
mined from Eq. (|3.8[) . This would be of considerable in- 
terest since this way some new insight into the strength 
of correlation effects in Fc-pnictides might be provided. 
The latter is still under debate and various theoretical 
estimates scatter in between 1 eV and 5 eV— ~— although 
the majority of the community supports a weak or inter- 
mediate coupling scenario. (Thereby we assumed that U\ 
yields an upper bound for Ud ~ 2 eV on iron). This is in 
accord with our finding shown in Fig. [SJ For example, 




Susceptibility ratio % 1% 



FIG. 7: (Color online) The local Coulomb repulsion for a 
localized state created by an As vacancy according to Eq. 
(|3.8[) . The green line denotes the critical strength of Ui where 
the formation of a local moment at iron sites surrounding an 
As-vacancy sets in according with the Wolff's model. Note- 
worthy, we admit that local moments can exist also below 
Ui = leV. According to L(S)DA calculations reported in Ref. 
[3II the formation of the local moments can be expected also 
in a weakly correlated situation since there is no correlation 
in the L(S)DA approach. 



at T rof 

,ref 



100 K the susceptibility of the reference sample 
is Xs^ ~ 2 • 10~ 4 emu/mol-Fe where the ratio between 
the susceptibilities of the As-deficient and the reference 
samples amounts to xf s /x T s° l ~ 6. In fact, in view of 
the reasonable description achieved by our RPA (weak 
coupling) based theory, we take the susceptibility ratio 
X;/Xs ef i sa y m between 0.2 and 0.3, but not below. Then 
we estimate for Ji « 1 eV [see Eq. (|4.1j) below] Ui in 
between 2.9 and 2 eV which provides this way an upper 
bound for Ud- Since Ui should somewhat exceed Ud due 
to the missing screening from the AV, we adopt also a 
slightly enlarged J/ as compared with the usual Stoner 
value of J « 0.7 eV for Fe 1 ^ regarded as a typical value 
for an Fe site far from the AV in the pnictide supercon- 
ductor. Then taking x rcf « 7 • 10~ 5 emu/mol-Fe (see 
III.B), we arrive at 



i - xo c 7x r / f 



J l w J 



1 eV. 



(4.1) 



With the same screening argument as used above we 
then may refine this estimate: Ud ~ 0.8C7; « 1.6 to 
2.3 eV. This result supports the previous estimates done 
in Rcfs. @0 and is in clear contrast with Ud > 5 eV 
stated recently^ based on a combined RPA and dynam- 
ical mean-field-study. In view of the L(S)DA results of 
Ref. [31I mentioned above, one has to realize that a forma- 
tion of local magnetic moments might be set in already at 
much smaller values of Ui or larger ratios of xi/x rei ■ This 
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gives further support for a weak-correlation scenario at 
least for the occurrence of magnetic moments. To what 
extent a sufficiently enhanced spin susceptibility can be 
obtained by that approach, too, remains to be seen. 



0.18 



V. LOCAL MOMENTS AND NMR DATA 
REANALYZED 



The dynamic spin susceptibility x"(q, oS) of 
LaOo.gFo.iFeAs and LaOo.gFo.iFeAsi_«5 samples 
was investigated by 75 As NMR spectroscopy] 12 ' 16 The 
nuclear spin-lattice relaxation rate, \/T\T, (where T\ 
is the nuclear spin-lattice relaxation time) is directly 
related to the susceptibility x"(q, w) summed over all 
q in the Brillouin zoneM- Since the measurement of 
1/T\T provides information about the electron-spin 
susceptibility at all q, we expect that for As-deficient 
samples the presence of enhanced FM correlations 
characterized by q = should also affect their 1/T\T 
rate. The temperature dependence of \jT\T for two 
typical LaOo.gFo.iFeAs and LaOo.gFo.i FeAsi samples 
is compared in Fig. |S](see also Ref. Il2i ). The inspection 
in Fig. [5] shows that above 50K within the error bars the 
\/T\T of the reference samples can be approximated by 
a linear T-dependence. Since in this temperature range 
the static susceptibility \s oc T we can also expect that 
the 1/T\T of the As-dcficicnt sample can be described 
by an equation similar to Eq. (|3.6p . if AVs do not 
effect essentially the AFM correlations. In this case the 
T-dependence of the ratio 



(mrrcfrvmrioor 

(TiTAs)- 1 - (TiTrrf)" 



should be a straight line, with (TiT 10 f) _1 and (TiTioo) -1 
as the nuclear spin-lattice relaxation rates of the reference 
samples at arbitrary temperature and at T ro f = 100 K, 
respectively, and with (TiTa s ) _1 as the relaxation rate 
of the As-deficient samples. From the inset of Fig. [3] it 
is seen that our experimental data can be well described 
by this empirical fitting procedure. Therefore, we con- 
clude that the higher relaxation rates of the As-deficient 
samples can be explained by a contribution related to the 
local moments formed around AV. Since the contribution 
of the local moments on the \/T\T measured on As nu- 
clei is only part of the total field (itinerant electrons apart 
of AV interact with the As nuclei) , the estimated Curie 
temperature is somewhat lower, ©nmr. ~ 7.5 K as com- 
pared with the usual spin susceptibility derived 6 re 18.8 
K obtained for the static susceptibility (see Fig. |6j) i.e. 
the hyperfine field for the As nuclei is less affected by the 
local moments around the AV than the direct magnetic 
exchange interaction between the electrons. 
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FIG. 8: (Color online) 75 As spin-lattice relaxation rate \jT\T 
versus temperature in LaOo.9Fo.iFeAsi_5. The data are 
taken from Ref. Q2- The steep decrease of both curves re- 
flects the onset of the superconducting transition. The inset 

1, ji rp j , ((TiTWrVfTiTu,,,)- 1 ) 2 

snows the I -dependence ot the ratio v ,_ _ — a — tt^tt, — 

C- i 1 j Ab) -i, T l T xet) 

with (TiTW)" 1 , (TiTioo)" 1 as the nuclear spin-lattice relax- 
ation rates of LaOo.gFo.iFeAs at arbitrary temperature and 
at T re f = 100 K, respectively, and with (TiTas) 1 as the re- 
laxation rate of LaO0.9F0.1FeAs0.94. Details of the fitting pro- 
cedure are described in the text. 



VI. SUPERCONDUCTING PROPERTIES: 
ASPECTS OF THE PAULI LIMITING 

Up to now we discussed only high-temperature mag- 
netic properties of As-deficient samples in the metallic 
normal state phase. But also the superconductivity of 
these samples is strongly affected by the induced local 
magnetic moments. This concerns first of all the In- 
dependence of the upper critical field B C 2 of the As- 
deficient samples shown in Fig. |JJ] (see also Refs. 
(Here and below we ignore possible multiband effects^ 
for the sake of simplicity). For a polycrystalline sample 
under consideration the B C 2 value refers to those grains 
which arc oriented with their ab planes along the applied 
field. Fig. |9] demonstrates that the As-deficient sam- 
ples exhibit nearly two times higher slopes, —dB^/dT, 
at T c compared with the reference samples resulting in 
a very high orbital upper critical field of B* 2 (0) = 106 
T. (The high-field data of the As-stoichiometric optimally 
doped La-1111 were taken from Ref. [ill) . It was supposed 
previously^ that AVs increase the disorder in FeAs lay- 
ers and reduce the mean free path I of the conduction 
electrons that results in a reduction of the effective coher- 
ence length £ ~ (^oO 1 ^ 2 - However, the very narrow NQR 
spectra of the As-deficient samples as compared with the 
As-stoichiometric reference samples and the surprisingly 
stronger T-dcpcndence of the nuclear spin-lattice relax- 
ation rate in the superconducting state: Tj~ ~ T 5 (as 
compared with T^ 1 ~ T 3 ) for the reference sample) 12 ' 16 
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indicate that actually our As-deficient samples might be 
even cleaner than the reference samples, offering this way 
a natural solution of the puzzling problem of unusual 
or "supersmart impurities" put forward in Ref. Il2l . In 
view of the repulsive interaction between the As vacan- 
cies and an almost homogeneous distribution, the role 
of remaining, possibly weak, disorder is rather unclear. 
Therefore, the possible explanation of the reduction of 
the BCS coherence length £ ~ v F for the paired charge 
carriers in the As-deficient samples might be alternatively 
explained at least partially by a decrease of the Fermi ve- 
locities v F of conduction electrons due to an additional 
effective mass enhancement. This might be caused by 
enhanced magnetic correlations between itinerant elec- 
trons in the As-deficient samples. In this respect further 
theoretical and experimental work is required to eluci- 
date the origin of such an enhancement. Additionally, as 
it was pointed above, the correlated AVs probably lead 
to a more uniform distribution of the F-dopants. This 
might explain the slightly enhanced T^ s = 29 K of the 
As-deficient samples compared with T c = 27.7 K of the 
reference samples^ 9 -, if the observed FM correlations in 
As-deficient samples for some reason do not impede the 
superconductivity. 

On the other hand the resulting critical field at 
zero temperature B^ 2 S (0) of the As-dcficicnt samples is 
strongly suppressed by paramagnetic spin effects^ 9 - and 
it may become comparable with the B r C 2 f (0) of the ref- 
erence samples in spite of the mentioned larger slope of 




Temperature (K) 

FIG. 9: (color online) Temperature dependence of the up- 
per critical field of LaOo.9Fo.iFeAsi_i . Open circles: DC 
data, closed circles: pulsed field measurements. Green and 
red cloced circles stand for two different samples from the 
same batch with the same As-deficiency measured at the FZ 
Dresden and the IFW Dresden, respectivel y 35 ' 36 . For com- 
parison, the upper critical field data reported in Ref. [l3| are 
shown (closed squares). Open squares: DC data of the refer- 
ence sample measured at the IFW Dresden^. Solid lines: fit 
of the experimental data to the WHH model. Dashed lines: 
the orbital upper critical field B* 2 (T) . 



B C 2 near T c and the improved T c . In general, Pauli lim- 
iting behavior is closely related to an enhanced spin sus- 
ceptibility lowering the free energy in the normal state. 
In particular, the condensation energy in the supercon- 
ducting state at zero-field and T = K is given by the 
free energy in the normal state at the Pauli limiting field 
B p (0): 

\xt s Bl(0) = 5§M. (6.1) 

where xf s is defined in Eq. (|3.8I) . Using Eq. (|6.I|) and the 
ratio xt s /x T s ef > 6 between the spin susceptibilities of the 
As-deficient and the reference samples the corresponding 
ratio J B^ s (0)/ J B™ f (0) < 0.4 between the Pauli limiting 
fields of both samples can be estimated. (Where we took 
into account that according to our specific heat measure- 
ments, the B c (0)-values of the As-deficient and reference 
samples are nearly the same.) On the other hand by fit- 
ting upper critical field data for As-dcficicnt samples to 
the curve predicted by the standard WrlH model, the 
Pauli limiting field B^ s (0) = 114 T was estimated^ 9 - (see 
Fig. [5]) under the simplifying assumption that the spin- 
orbital scattering can be neglected A s o = 0. In general for 
iron pnictides the effect of spin-orbit scattering on B C 2 (T) 
is expected to be rather weak 9 - and we adopt A s o =0.1 as 
a more realistic value. Then, the resulting Pauli limiting 
field is limited by Bp S (0) = 88T. The same fitting proce- 
dure yields B™ (0) > 200T for the reference sample with 
A s o = 0.1. In this case for the ratio between Pauli limit- 
ing fields of two samples we have B^ s (0)/B T p ei (0) < 0.45. 
Therefore, using the experimentally measured suscepti- 
bilities the observed Pauli limiting behavior can be ex- 
plained at least qualitatively. 

VII. DEFECT AND LOCAL MOMENT 
ASPECTS IN BA-122 SYSTEMS GROWN FROM 
Sn-FLUX 

Finally, we would like to draw attention that in partic- 
ular the scenario of Pauli limited superconductivity due 
to local moments proposed here might be applied also 
to some K-doped Ba-122 pnictide superconductors. For 
example, according to Refs. I37ll38l . a similar magnetic 
behavior as for our As-deficient samples reported here 
has been observed including Pauli limitin g 39 ' 40 . However, 
at variance with our findings also a 20% T c -suppression 
and a broadening of the NMR spectra has been observed 
pointing to sizable disorder. The peculiar magnetism 
has been ascribed by the authors to large local moments 
from a small amount of incorporated Sn occupying As- 
sites 3 -^. This way being seemingly responsible for a sig- 
nificant paramagnetic pair-breaking and the observed T c - 
supprcssion. However, in our opinion a magnetic moment 
formation around Sn substitutions for As sites seems to 
be somewhat unlikely. Due to its strong interaction with 
the Fe-As host the formation of bound states as a pre- 
requisite for magnetic moments is not expected and in- 
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stead strong intra and intcrband scattering from a non- 
magnetic impurity should occur. The latter can readily 
explain the T c suppression within any multiband picture 
but especially for the s±-pairing symmetry. Then the 
magnetic moments should be attributed to As- vacancies 
as in the present work and/or to Fe residing outside the 
Fe-As layer. In these single crystals about 0.05 deficiency 
of As and about 0.03 excess of Fe have been detected us- 
ing wavelength dispersive x-ray spectroscopy (WDX)2I. 
Here, the formation of AV results probably from the Sn- 
flux used in the crystal growth. The former acts as an 
As-getter analogously to the Ta-foil in our case and ad- 
ditionally partially replace As atoms. The resulting As 
deficiency is comparable with that in our As-deficient La- 
1111 samples. In fact, the mentioned phenomena can be 
explained scmi-quantitatively like in the present work. 

VIII. CONCLUSIONS 

We have measured and analyzed the static suscepti- 
bility together with the nuclear spin-lattice relaxation 
rate \jT\T of As-deficient samples LaOo.9Fo.iFeAsi_,5 
(5 rj 0.06) in comparison with As-stoichiometric refer- 
ence samples. The concentration of As-vacancics has 
been first estimated from the EDX analysis and then 
a homogeneous distribution and the amount of vacan- 
cies within the samples were confirmed and somewhat 
refined by NQR measurements. Quite remarkably the 
As-deficient samples show a significant enhancement of 
the spin susceptibility xf s /x r s ei ~ 3 — 7. This enhance- 
ment provides experimental evidence that the As va- 
cancies in the La-1111 compound behave as magnetic 
defects with a net magnetic moment associated within 
a [VA s Fe4] or a [VA s Fe 8 ] complex defect about m e s ~ 
3.2/ib- The explanation of this unusual effect is that 
the As vacancies induce a local spin polarization of 3d- 
electrons near the Fermi energy. The enhanced FM cor- 
relations between the conducting electrons are closely re- 
lated to a high value of the magnetic susceptibility in 
LaOo.9Fo.iFeAsi_5 via an enhanced Stoner factor. A 
straightforward consequence of the enhanced spin sus- 



ceptibility in the As-deficient samples is that their up- 
per critical field is suppressed by spin-pair breaking at 
high external magnetic fields achieved inevitably at low 
temperature. In contrast, the upper critical field of the 
reference samples is not affected by the spin-pair break- 
ing and it can be described by the orbital B C 2(T) con- 
tribution down to the lowest temperatures. It would be 
interesting to elucidate as well the microscopic origin of 
the Pauli-limiting behavior reported also for other Fe- 
pnictide and related selenide/telluride superconductors 
(see for example^ ' 41 ' 42 . This requires a detailed consid- 
eration of the local electronic and magnetic structure of 
each defect type. Possibly, the "local-moment" mecha- 
nism proposed here can be applied with certain modifi- 
cations also in those cases, especially in the case of Se or 
Te-vacancies 4 ^. Investigations of the spin susceptibility 
and NQR measurements of these compounds are a neces- 
sary prerequisite, thus being of considerable interest. In 
general, a better understanding of the new and complex 
physics induced by various real defects present in many 
samples can also provide valuable insight into the super- 
conducting mechanism itself, into the role of correlation 
effects under debate, and into the complex interplay with 
several competing magnetic and superconducting phases. 
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